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Cosmic Reionization and the First Nonlinear
Structures in the Universe
Zolta´n Haiman
Abstract In this Introduction, we outline expectations for when and how the hydro-
gen and helium atoms in the universe turned from neutral to ionized, focusing on
the earliest, least well understood stages, and emphasize the most important open
questions. We include a historical summary, and highlight the role of reionization as
one of the few milestones in the evolution of the universe since the Big Bang, and
its status as a unique probe of the beginning stages of structure formation.
1 Introduction
In the standard cosmological model, dominated by cold dark matter and dark en-
ergy, the universe expands and cools dictated by the equations of general relativ-
ity and thermodynamics, going through a handful of global milestones. Many of
these milestones are well understood, because their physics is within the reach of
terrestrial experiments, and observations leave little doubt about their occurrence.
These begin with nucleosynthesis, and include the epoch of radiation-matter equal-
ity, the recombination of hydrogen and helium, and the decoupling of radiation. In
the more recent universe, dark energy has become dominant and begun to accelerate
the global expansion.
While the evolution of universe preceding nucleosynthesis is less well under-
stood, a generic prediction of inflation, describing the earliest epochs, is the produc-
tion of primordial density perturbations. These perturbations obey Gaussian statis-
tics, with a nearly scale-invariant initial power spectrum. The subsequent growth
of perturbations over time is again well understood, and leads to remarkable agree-
ment with many observations of the cosmic microwave background (CMB) and
large-scale structures (LSS).
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The history of the universe is marked by additional mile-stones, related to the
growth of inhomogeneities. The first marks the epoch when the first perturbations
– on astrophysically important scales – reach non-linear amplitudes. Ab-initio the-
oretical predictions become more difficult at later epochs. The first collapsed and
gravitationally bound structures form soon afterward, and serve as the natural sites
where the first stars and black holes then “light up” the universe. The reionization of
the bulk of hydrogen and helium atoms in the universe, several hundred Myr after
the big bang, is the most recent of these “global” milestones - resembling a phase
transition, and changing the character of the universe as a whole.
In addition to its fundamental place in our cosmic history, there are three practical
reasons why reionization is of special interest. First, as will become clear below,
and from later chapters in this book, the bulk of reionization is thought to take
place between redshifts of 5 <∼z <∼10. This range does not extend far beyond our
present observational horizon, and is within tantalizing reach of experiments with
forthcoming and planned instruments. This makes the study of reionization very
timely.
Second, while there remains some room for more exotic scenarios, reionization
can be attributed to photo-ionizing radiation from two different sources: an early
generation of massive stars, or an early generation of black holes powering (mini-
)quasars. The ultimate energy source in these two scenarios is very different – nu-
clear binding energy, in the case of stars, and gravitational binding energy, in the
case of black holes. These sources have different efficiencies of producing radi-
ation, and produce different spectra. The details of how reionization unfolded thus
depends on the properties of these early stars and quasars (their luminosity and spec-
tral distribution) as well as on their abundance and spatial distribution as a function
of redshift.
Finally, the earliest light-sources are quite plausibly too dim to be detected di-
rectly, even with next-generation instruments. Studying reionization is therefore one
of the very few ways to glean details about these first–generation objects. It is worth
emphasizing that current observations only show the “tip of the iceberg”: the lu-
minosity functions in even the deepest surveys show no evidence of a faint-end
turn-over, and we expect stars to form inside galaxies orders of magnitude fainter
than detectable at current and even forthcoming flux limits.
In this article, we will first present a historical discussion of both observations
and modeling of the reionization history (§ 2). Then, in § 3, we discuss two possible
ways to directly observe the light of the first generation of ionizing sources. It is
important to emphasize that this article contains a biased personal selection of some
of the important historical milestones and topics, and is not intended to be a rigorous,
complete review of the field.
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2 Historical Overview
2.1 The Reionized IGM and its Observational Probes
2.1.1 Early History
The realization that the mass density of neutral hydrogen (HI) in the intergalactic
medium (IGM) falls short by many orders of magnitude quickly followed the identi-
fication of the first quasars in the early 1960s. Here “falls short” is in comparison to
the total mass density expected from cosmology, i.e. comparable to the critical den-
sity ρcrit(z) = 3H2/8piG, with H = H(z) the redshift-dependent Hubble parameter.
The quasar 3C 9 was among the first handful of quasars discovered and identified
through their spectra. At the time of its discovery, its redshift of z = 2.01 was an
outlier, and held the distance record (with the other several quasars at z <∼1) [1]. Its
spectrum lacked any strong absorption on the blue side of the Lyman α emission
line, showing only a modest≈ 40% depression of the flux instead [2]. This implies
that the optical depth to Lyman α scattering in the foreground IGM is τα ≈ 0.5.
In their seminal paper, Gunn & Peterson (hereafter GP) in ref. [2] compared this
to the optical depth, τα ≈ few× 106 expected from Lyman α scattering by neu-
tral hydrogen spread uniformly over the IGM, with a near-critical mean density
ρcrit(z) ∝ (1+ z)3, following the expansion of the universe.
It is worth quoting the result of this comparison: “We are thus led to the con-
clusion that either the present cosmological ideas about the density are grossly in-
correct, and that space is very nearly empty, or that the matter exists in some other
form.” We now know that the mean density of baryons is indeed lower than the
critical density, but “only” by a factor of ≈25. We also know that space can not be
empty – while large voids exist, their densities are at most ∼ 10% below the mean.
The most plausible explanation, by far, is that hydrogen is in ionized form. This was
already the favored interpretation at the time; however, interestingly, GP dismissed
stars and quasars as the primary ionizing sources. They instead considered free-free
emission or collisional ionization in the IGM itself, both requiring that the IGM is
hot ( >∼2× 105K). Through the study of the Lyman α forest, we now know that the
IGM temperature at z >∼2 is TIGM ≈ 10
4K, more than an order of magnitude lower
than this lower limit.
Interestingly, GP already noted that a fully ionized IGM can produce a large
electron scattering optical depth. Taking the electron (or proton) number density
from ρcrit(z)/mp, this gives a value of τe = few× 10%, which would be relevant
for observations of individual sources. This is reduced by a factor of 25 by the low
cosmic baryon density, to τe = few× 1%.
Remarkably, the cosmic microwave background (CMB) was discovered in the
same year in 1965; precisely 50 years ago [3]. This stimulated work on the implica-
tions of the ionized IGM on the CMB. With a hot IGM and a large electron scattering
optical depth, one would expect large distortions in the spectral shape of the CMB
(e.g. ref. [4, 5]). However, the estimates of the baryon density and temperature were
4 Zolta´n Haiman
both soon revised downward significantly. Once again, observations of quasar ab-
sorption spectra played important roles in these revisions. First, the discovery of
the CMB also stimulated work on big bang nucleosynthesis, making detailed pre-
dictions for the abundances of the light elements. The most important of these was
the D/H ratio, which placed a tight upper limit (Ωb ≡ ρb/ρcrit <∼0.1) on the baryon
density. Beginning in the mid 1990s, the relative abundance [D/H] was measured
in high-resolution quasar spectra and resulted in the value Ωb ∼ 0.04 (although less
robust non-cosmological D/H measurements pre-date these). Second, as many more
quasars were discovered, and Lyman α absorption statistics were collected over a
large number of sight-lines, the modern view of the Lyman α forest emerged. This
revealed that the low-density IGM has a temperature of only ∼ 104K, consistent
with being photoionized by the UV radiation of stars and quasars [6, 7].
2.1.2 Further Development of Observational Diagnostics
In general, the highly ionized IGM can be studied either through measurements of
the residual neutral HI, or by detecting the effects of the free electrons (and protons).
Beginning in the mid-1990s, both of these possibilities were explored in great detail.
Effect of Free Electrons on the CMB.
On the “electron side”, it was realized that even if the IGM is not dense and hot
enough to change the spectrum of the CMB, elastic Thomson scattering by free elec-
trons changes the patterns of both the temperature and polarization power spectra
(see reviews by [8, 9, 10]). Scattering a fraction τe of the CMB photons out of each
sightline translates into a suppression of the primary CMB anisotropies (both tem-
perature and polarization) by a factor exp(−τe), below angular scales corresponding
to the size of the cosmological horizon at reionization (or <∼10◦ for reionization at
z ∼ 10) [11]. This suppression can be difficult to distinguish from a “red” tilt or
a reduced normalization of the primordial fluctuation spectrum. However, scatter-
ing of the CMB photons in the low-redshift ionized IGM also produces enhanced
linear polarization fluctuations on large scales (the so-called “polarization bump”,
ref. [12, 13]). This bump, on ∼ 10 degree scales, is characteristic of reionization
and not present otherwise. The precise shape of this feature (polarization power as
a function of angular scale) can be used to constrain the ionization history [14, 15].
Finally, if reionization is spatially inhomogeneous (patchy), as generally expected
unless the ionizing sources have unusually hard spectra, then this introduces ad-
ditional power on small (∼ few arcmin) scales. Inhomogeneities in the ionization
fraction, rather than in the IGM density, can dominate both the temperature and the
polarization power spectra. This was first shown in toy models [16, 17] and was
later developed based on CDM structure formation models (e.g. [18]; see ref. [19]
for a recent analysis of the kinetic Sunyaev-Zeldovich [kSZ] effect, which gives the
largest contribution).
As will be discussed in a later chapter in this book, the first measurement of
τe was made by the WMAP satellite, from the temperature-polarization cross power
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spectrum, and yielded the anomalously high value of τe ≈ 0.17 (translating to a sud-
den reionization redshift near z∼ 17). The increased precision in subsequent WMAP
measurements broke degeneracies between τe and the spectral tilt ns, and lowered
this value to τe ≈ 0.08. The most recent determination from Planck’s polariza-
tion power spectrum, τe ≈ 0.066± 0.016 [20], remains consistent with this value,
and requires instantaneous reionization to occur around z∼ 10. More generally, the
measured optical depth is twice the value τe = 0.04 of the “guaranteed” contribution
from the highly ionized IGM between redshifts 0 < z < 6. This requires that a tail
of ionization extends beyond the current observational horizon. However, such a tail
is naturally expected even in the simplest models of reionization, and leaves little
room for additional, exotic ionizing sources [21, 22].
Searching for Neutral Hydrogen.
Going back to history – on the “neutral hydrogen side”, work continued on quasar
absorption spectra. An idea that dates back to at least the early 1960s [23] is to detect
intergalactic neutral HI through its absorption in the 21cm hyperfine structure line.
This “radio analog” of the GP trough, however, is much weaker, due to the low
oscillator strength of the 21cm line. As a result, the corresponding upper limits on
the neutral IGM density – obtained from the lack of any 21cm absorption in the
spectrum of the z = 0.056 radio galaxy Cygnus A [23] – were ∼ 106 times weaker
than those obtained from the (lack of) Lyα GP troughs. Theoretical work on using
the redshifted 21cm line, seen either in absorption or emission (depending on the
spin temperature) in the context of an IGM being gradually ionized, and including
spatial fluctuations, dates back to ref. [24]. The idea apparently lay dormant for
nearly two decades, but received attention again from the mid-1990s, motivated by
plans to build the Giant Metrewave Radio Telescope (GMRT), and by the consensus
emerging about the modern CDM structure formation paradigm [25, 26, 27]. An
excellent review of the many ways of using the statistics of the redshifted 21cm line
to study reionization is given in ref. [28].
In parallel with using the 21cm line, work continued on the utility of the Lyα GP
trough. On the observational side, as more and more distant quasars were discovered
in the late 1990s, it became increasingly puzzling that none of these showed the
strong resonant GP trough, expected even from a modestly neutral IGM. This was
especially so, since deep optical observations began to show that the abundance
of both quasars and galaxies decline beyond their peak at redshifts ∼ 1− 3. The
question arose whether the observed galaxies and quasars can provide the required
ionizing radiation – it became necessary to extrapolate well below the faint end of
the observed luminosity functions.
On the theoretical side, progress beyond the simple GP calculation of the reso-
nant optical depth τα , from a uniform IGM, was slow to take off. However, begin-
ning in the late 1990s, several studies have begun to explore the expected absorption
features in more detail. For example, it was realized that the Lyα absorption from
a near-neutral IGM is so strong that the damping wings should be detectable, and
the red wings, in particular should offer a useful diagnostic of a neutral IGM [29].
Also, bright quasars would be surrounded by a large (several Mpc) local ionized
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bubble [30], blue-shifting the observed location of the GP trough and the damp-
ing wings [31]. Another realization was that there should be distinct absorption
troughs at Lyα , Lyβ , and possible higher Lyman lines, offering another useful di-
agnostic [32], at least for the first sources, that would be detected not far beyond
the redshift where the IGM turns predominantly neutral. In the context of CDM
structure formation models, reionization must be gradual and inhomogeneous, re-
sulting in large line-of-sight variations [33]. All of the above effect had important
consequences once the first GP was discovered and had to be interpreted (e.g. [34]).
The discovery [35] of the first GP trough was indeed a watershed event in 2001.
The Keck spectrum of a z = 6.28 quasar, one of the first several z >∼5 quasars iden-
tified in the Sloan Digital Sky Survey (SDSS), showed no detectable flux over a
large wavelength range short-ward of ∼ (1+ z)1215A˚. This raised the tantalizing
possibility that 35 years after the seminal GP paper, we have finally probed the
era when the IGM was significantly neutral. This discovery also stimulated a large
body of work on the limits that can be placed on reionization, given a “deep” and
“long” dark region (or regions) in the spectrum (e.g. [36]). The issue is that “zero
flux” can be consistent with resonant absorption from the residual HI in a highly
ionized foreground IGM. Placing constraints on reionization therefore necessitated
detailed modeling of the fluctuating IGM with a few Mpc of the quasar, including
the quasar’s own ionized bubble.
Quasars are of course not unique – a significantly neutral IGM would imprint GP
absorption features on any background source at λobs = (1+ z)λα . It had long been
expected that a strong Lyα emission line would be produced by the first “primeval”
galaxies [37]. Numerous searches for high-redshift galaxies using their Lyα emis-
sion, however, did not yield any discovery for ≈ two decades – the failure was
blamed on extinction of this line by dust internal to the galaxies. Immediately after
the first high-redshift Lyα emitters were finally discovered in the late 1990s [38], it
was realized that they can be used as a probe of reionization: the neutral IGM can
strongly suppress these lines, thus also suppressing the observed luminosity func-
tion [39]. This field developed rapidly, both observationally, with the discovery of
large samples of z >∼6 Lyα emitters (now in the hundreds), especially in surveys
by the Subaru telescope (e.g. ref. [40]). Theoretical predictions were also refined,
including improved estimates of the impact of absorption on the observed line pro-
files, in the presence of a local ionized bubble around the galaxy, galactic winds
causing shifts in the emission line frequency, and a peculiar velocity of the host
galaxy [41, 42]. These then begun to be incorporated into more realistic radiative
transfer models through the inhomogeneous IGM [43], yielding better estimates of
the (more modest) impact of reionization on the observed luminosity function [44].
Finally, as the epoch of reionization receded farther and farther in redshift, it
became increasingly clear that observed galaxies do not provide sufficient UV ra-
diation to account for this ionization. The general search for high–redshift galaxies
is therefore an important part of the history of reionization. Summarizing this his-
tory is beyond the scope of this article. However, it was not until deep fields with
the Hubble Space Telescope discovered a sizable population of galaxies that the
integrated emission of the observed objects even came close to providing enough
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ionizing radiation. At the present time, the observed galaxy population at redshift
z >∼6 still fails to reionize the IGM by a factor of a “few”, unless extreme assump-
tions are made about the UV spectrum, and the escape fraction of ionizing radiation
from these galaxies (see, e.g. [45]).
2.2 Reionization in Hierarchical Structure Formation Models
In parallel with developing observational probes of reionization, over the past sev-
eral decades, we have gained an understanding of how reionization was likely driven
by an early generation of stars and quasars. As mentioned above, at the current hori-
zon of observations at z ∼ 7, the observed population of galaxies fails by only a
factor of ∼few to reionize the IGM. It is quite natural to attribute the missing ion-
izing emissivity to fainter galaxies, just below the current detection threshold. In
support of such an extrapolation, there is a firm upper limit on the contribution from
faint (individually undetectable) quasars to reionization at z∼ 6− 7.
A population of black holes at these redshifts (z≈ 6−7) would be accompanied
by the copious production of hard ( >∼10 keV) X-ray photons. The resulting hard
X-ray background would redshift and would be observed as a present-day soft X-
ray background (SXB). This severely limits the abundance of accreting quasar BHs
at z ∼ 6− 7: in order to avoid over-producing the unresolved component of the
observed SXB in the 0.5-2 keV range, these BHs can not significantly contribute
to reionization [46, 47, 48], or make up more than a few percent of the present-day
total BH mass density [49, 50]. It is important to emphasize, however, that these
constraints still allow accreting BHs to be dominant over stellar UV radiation at the
earliest stages of reionization z∼ 15, partially “pre-ionizing” the IGM (see below).
Because reionization at z ∼ 6− 7 is an (almost) solved problem, the most inter-
esting open questions concern the earlier stages of reionization. When did the first
light sources turn on? When did the IGM first get significantly ionized (and heated)?
What was the relative contribution of the first stars, of their accreting BH remnants,
or of possibly more exotic sources of ionization, such as “direct collapse” super-
massive stars or BHs, or decaying dark matter particles?
2.2.1 The Astro-chemistry of H2 and The First Stars
It has long been recognized that the key physics governing the formation of the
first stars (or black holes) is the abundance of H2 molecules, which form via gas–
phase reactions in the early universe (in 1967, ref. [51]). It is impossible to form
an astrophysical object if gas contracts adiabatically, because even with the help of
cold dark matter, it is not possible to reach high gas densities. The numerical upper
limits on the gas density in halo cores are extremely tight, especially when including
the entropy generated during adiabatic collapse (see the recent work in ref.[52]). In
the primordial gas, H2 is the only possible coolant, and determines whether gas can
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collapse to high densities. Following the pioneering paper in 1967 by Saslaw &
Zipoy [51], several groups constructed complete gas–phase reaction networks, and
identified the two possible ways of forming H2 in primordial gas: via the H+2 or H−
channels. These were applied to derive the H2 abundance in the smooth background
gas in the post–recombination universe [53], and also at the higher densities and
temperatures expected in collapsing high–redshift objects [54, 55].
The basic picture that emerged from these early papers is as follows. The H2
fraction after recombination in the background universe is small (xH2 = nH2/nH ∼
10−6). At high redshifts (z >∼100), H2 formation is inhibited even in overdense re-
gions because the required intermediaries H+2 and H− are dissociated by the CMB
photons.1 However, at lower redshifts, when the CMB temperature drops, a suffi-
ciently large H2 abundance builds up inside collapsed clouds (xH2 ∼ 10−3) at red-
shifts z <∼100 to cause cooling on a timescale shorter than the dynamical time –
leading to a runaway thermal instability and eventual star-formation [57, 58, 59]. In
summary, these early papers identified the most important reactions for H2 chem-
istry, and established the key role of H2 molecules in cooling the first, relatively
metal–free clouds, and thus in the formation of population III stars.
2.2.2 The First Stars in Cosmological Structure Formation Models
The work on H2 chemistry was soon connected with cosmological models for struc-
ture formation. Peebles & Dicke [60] speculated already in 1968 that globular clus-
ters, with masses of ∼ 105−6 M⊙ (somewhat above the cosmological Jeans mass,
set by Compton-heating of the protogalactic gas by the CMB [61]) forming via H2
cooling, constitute the first building blocks of subsequent larger structures. Early
discussions of the formation of galaxies and clusters have argued that the behavior
of gas in a collapsed and virialized object is determined by its ability to cool radia-
tively on a dynamical time [62, 63, 64]. The same ideas apply on the smaller scales
expected for the very first collapsed clouds [65, 66]. Objects that are unable to cool
and radiate away their thermal energy maintain their pressure support and identity,
until they become part of a larger object via accretion or mergers. On the other hand,
objects that can radiate efficiently will cool and continue collapsing.
In the late 1990s, these ideas were developed further, in the context of modern
“bottom-up” hierarchical structure formation in a (Λ )CDM cosmology. In particu-
lar, the first DM halos in which gas can cool efficiently via H2 molecules, and con-
dense at the center, are “minihalos” with virial temperatures of Tvir∼few×100K [67,
68]. This is essentially a gas temperature threshold, above which roto-vibrational
levels of H2 are collisionally excited, allowing efficient cooling. Because of the
emergence of a concordance (ΛCDM) cosmology [69], we can securely predict the
1 This topic was recently revisited [56] in a more rigorous analysis, following the time-dependent,
non-equilibrium H2 population levels. This yielded the same conclusion, i.e. that the post-
recombination “intergalactic” H2 abundance is negligibly low.
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collapse redshifts of these minihalos: 2− 3σ peaks of the primordial density field
on the corresponding mass scales of 105−6 M⊙ collapse at redshifts z = 15− 20.2
The Abundance of Low-Mass Minihalos at High Redshift.
The halo mass functions are now robustly determined, since three–dimensional cos-
mological simulations reached the required dynamical range to directly resolve the
low–mass end of the high-z halo mass function [71, 72]. The predictions for the
halo mass functions are now therefore limited mainly by the few % uncertainty in
the normalization (σ8 = 0.82±0.02) and the power-law index (ns = 0.972±0.013)
of the primordial power spectrum [69]. A possibly (much) larger source of uncer-
tainty is that the primordial power spectrum on the relevant scales is not directly
measured - it is extrapolated using the shape of the processed CDM power spectrum
(P(k) ∝ kα with α ≈ −3 on the relevant small scales). In principle, the small-scale
power could deviate from this prediction significantly, reducing the minihalo abun-
dance by a large factor. This could be caused by a generic “running” (dα/dk 6= 0) of
the primordial scalar index [73], or by free-streaming due to the finite temperature
of a low–mass ( <∼1 keV) warm dark matter (WDM) particle [74, 71]. While these
could have large effects on the expected halo abundance at z = 15− 20, in practice,
there is no evidence of “running” on >∼ Mpc scales, and the mass of a putative
WDM particle is limited to >∼1 keV by the detections of lensed z > 8 galaxies [75]
and gamma-ray bursts [76].
Cosmological Simulations of the Formation of First Stars.
In addition to robustly predicting DM halo formation, high-resolution 3D numeri-
cal simulations, including hydrodynamics and H2 chemistry, have become possible,
with several groups simulating the cooling and collapse of gas into the first miniha-
los, located at the intersections of a “protogalactic” cosmic web [77, 78, 79]. These
simulations showed convergence toward a gas temperature T ∼ 300 K and density
n ∼ 104 cm−3, dictated by the thermodynamic properties of H2, which allows the
collapse of a clump of mass 102−103 M⊙ at the center of the high-redshift miniha-
los. These early works suggested that the first stars may have been unusually mas-
sive, a conclusion based on the low mass accretion rate in the cores of these halos.
In a self-gravitating gas, the mass accretion rate depends only on the sound speed cs,
and is of order ∼ c3s/G ∝ T 3/2/G (e.g. [80]). Three-dimensional simulations have
confirmed this scaling (e.g. [81, 82, 83]), and in minihalos, the corresponding mass
accretion rates are ∼ 10−3M⊙ yr−1. At this accretion rate, the mass that will ac-
cumulate in the halo nucleus within a Kelvin-Helmholtz time (∼ 105 years; only
weakly dependent on mass for massive protostars) is of order 102 M⊙.
Simulations in the past few years have been pushed to higher spatial resolution,
and, in some cases with the help of sink particles, were able to continue their runs
beyond the point at which the first ultra-dense clump developed. The gas in the
central regions of at least some of the early minihalos were found to fragment into
two or more distinct clumps [84, 85, 86, 87, 88]. This raises the possibility that
2 As an amusing aside: the highest redshift in our Hubble volume where we may find a star in a
collapsed minihalo is z = 65, corresponding to an ≈ 8σ fluctuation on the mass scale 105 M⊙ [70].
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the first stars formed in multiple systems, and that some of these stars had masses
<∼100 M⊙, lower than previously thought (but see [89] for still higher resolution
simulations that suggest less efficient fragmentation).
The First Stars and the Beginning of Reionization.
Even if star–formation in minihalos was inefficient, these early minihalos should
have begun ionizing the universe. With a usual Salpeter IMF, each proton in a pop-
ulation of stars would create ≈ 4,000 ionizing photons (e.g. [90]). A population of
massive, metal–free stars would increase the efficiency of ionizing photon produc-
tion per unit mass by a factor of ∼ 20, to ∼ 105 [91, 92, 93]. Each proton accreted
onto a BH could release ∼ 0.1mpc2 = 0.1GeV of energy, most of it in ionizing
radiation, implying enough energy to cause up to 107 ionizations. These numbers
suggest that once a small fraction ( <∼10−5) of the gas in the universe is converted
into massive stars or black holes, a significant ionization of the rest of the IGM can
occur.
The simple argument above ignores recombinations (in a fully ionized IGM, each
hydrogen atom would recombine several times at z >∼10) and the details of the ioniz-
ing spectrum and the photoionization process (which, in the case of hard-spectrum
sources, needs to account for secondary ionizations by photoelectrons). Neverthe-
less, the main conclusion, namely that early stars or black holes should have “kick-
started” reionization, is hard to avoid. In particular, if each minihalo is allowed to
form PopIII stars, it would result in a significant τe, in tension with the electron
scattering optical depth measured by WMAP and Planck [21, 22]. Indeed, in the
wake of the “false alarm” from WMAP’s first measurement of a large τe, several au-
thors investigated the even more efficient “pre-ionization” of the IGM at z ∼ 20 by
accreting BHs [94, 95]. While those models with a large X-ray emissivity are now
ruled out, a contribution from early accreting BHs still remains a natural possibility,
especially if fragmentation in early halos (mentioned above) leads to the frequent
formation of high-mass X-ray binaries [96, 97, 98].
2.2.3 Global Reionization Models in a Hierarchical Cosmology
Beginning in the late 1990s, detailed models were put together, in which the well-
understood cosmological dark matter halos were populated by stars or black holes
(early examples include [99, 90, 100]). These models allowed physically motivated
calculations of the entire reionization history, between 6 <∼z <∼30, to be confronted
with data.
An important physical ingredient in reionization models, especially at the earliest
stages, is global radiative feedback. Soon after the first stars appear, early radiation
backgrounds begin to build up, resulting in feedback on subsequent star–formation.
In particular, the UV radiation in the Lyman–Werner (LW) bands of H2 can pho-
todissociate these molecules and suppress gas cooling, slowing down the global
star-formation rate [101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112,
113, 114, 115].
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If the metal–free stars forming in the early minihalos were indeed very massive
(∼ 100 M⊙), then these stars would leave behind remnant BHs with similar masses
[116], and could produce significant X-rays, either by direct accretion or by forming
high-mass X-ray binaries. A soft X-ray background at photon energies of >∼1keV,
at which the early intergalactic medium (IGM) is optically thin, then provides fur-
ther global feedback: both by heating the IGM, and by catalyzing H2 formation in
collapsing halos [117, 118, 119, 120, 94, 121, 122, 123].
On the other hand, if fragmentation was very efficient, and the typical PopIII stars
had low masses, they would not leave BH remnants and they would have softer spec-
tra, with copious infrared (IR) radiation at photon energies ∼ 1eV. Similar to LW
and X–ray photons, these photons have a mean–free path comparable to the Hubble
distance, building up an early IR background. If soft–spectrum stars, with masses
of a few M⊙, contributed >∼0.3% of the UV background (or their mass fraction
exceeded ∼ 80%), then their IR radiation would have dominated the global (nega-
tive) radiative feedback in the early Universe [124]. This feedback is different from
the LW feedback from high-mass stars, and occurs through the photo-detachment
of H− ions, necessary for efficient H2 formation. Nevertheless, the baryon fraction
which must be incorporated into low–mass stars in order to suppress H2–cooling is
comparable to the case of high-mass stars.
The net effect of the above long-range “global” feedback effects remains poorly
understood. This is a significant outstanding question, as these feedback effects
likely determined the earliest stages of the global reionization history. The difficul-
ties with a self-consistent reionization model are two-fold. First, one needs a detailed
ab-initio understanding of the feedback on individual protogalaxies with different
masses and redshifts. Second, the feedback processes (such as photo–ionization
heating, H2–dissociation [125, 126], and also metal–enrichment), are all affected by
the strong clustering of the earliest sources. Semi-analytical models have included
either various feedback effects (e.g. [100, 127, 128, 129, 130, 131]) or the effect of
source clustering on the HII bubble–size distribution (e.g. [132]), but not yet both
self-consistently. Only the first steps were taken towards such a self-consistent treat-
ment, incorporating photo-ionization feedback, in a simplified way, into a model
that partially captures the source clustering (only in the radial direction away from
sources) [133].
Numerical simulations do not have the dynamical range for an ab-initio treatment
of this issue. The minihalos hosting the first stars arise from primordial perturbations
on the scale of ∼ 10 (comoving)kpc. On the other hand, the global feedback effects
operate over a distance comparable to the Hubble length, ∼ 1 Gpc. Even if one
were to resolve a minihalo with only 103 particles, 3D simulations would need to
cover a factor of ∼ 106 in spatial scales (or contain 1018 particles). Clearly, this
can not be achieved by N-body simulations - let alone hydrodynamical simulations
that include the basic physics, such as cooling, chemistry, and radiative transfer.3
Semi-numerical treatments [134] can offer an order of magnitude higher dynamical
range, and have incorporated radiative feedback [135], but are still short of covering
3 For reference, the largest existing N-body simulation is the Millennium-XXL project with 3×
1011 particles.
12 Zolta´n Haiman
the required range of scales (i.e. still to need to prescribe small-scale non-linear
processes with sub-grid prescriptions).
2.2.4 Stars vs. Black Holes as Sources of Reionization
As is clear from above, whether the first stars were formed as single stars, or in
binaries, matters for the early stages of reionization. If the majority of the first stars
formed high–mass X-ray binaries, they could have produced sufficient X–rays to
significantly change the expected “Swiss–cheese” morphology of reionization[118,
119, 120, 121]. The thickness of the edges of the cosmological ionized regions
would be of order the mean free path of the typical ionizing photon. For the UV pho-
tons from stars, this mean free path is small, resulting in sharply defined ionization
fronts. But for the hard spectra of X-ray binaries (or more generally, accreting black
holes), the mean free path can be long, comparable to the Hubble distance for photon
energies above E > [(1+ z)/11]1/2x1/3HI keV (where xHI is the mean neutral H frac-
tion in the IGM). The diffuse nature of the boundaries of individual ionized regions
could be detectable, in principle, through 21cm or Lyα observations [136, 137].
Since X-rays in the early Universe can travel across the Hubble distances, they
can also change the global reionization topology. The X-rays would ionize and heat
the plasma much more uniformly than stars (although they could increase the ion-
ized fraction only to ∼ 20%; nearly all of the energy of the fast photo-electron from
the first ionization will subsequently go into heating the IGM). If X–rays are suf-
ficiently prevalent, a range of other interesting effects will occur: the extra heating
will raise the pressure of the plasma everywhere, making it resistant to clumping,
and more difficult to compress to form new galaxies [118, 49]. On the other hand,
X–rays can penetrate the successfully collapsing protogalaxies and can ionize hy-
drogen and helium atoms in their interior. This will catalyze the formation of molec-
ular hydrogen, and help the gas to cool and form new stars [103]. These effects will
leave behind their signatures in the spatial distribution of neutral and ionized hydro-
gen and helium in the Universe. Distinguishing these different global morphologies
could be possible in 21cm experiments [138], or in the CMB through the kSZ effect
[19].
There are other possible sources of X–rays, in addition to binaries, connected to
the formation of the first stars. One example is gas accretion onto the black–hole
remnants left behind by the collapse of single (super)massive stars[116, 94, 95].
Another possible source is supernovae (SNe): if the first stars exploded as SNe,
then similar X–rays would be produced by thermal emission from the gas heated by
these SNe, and by the collisions between the energetic electrons produced in the SN
explosion and the CMB photons [118]. Thermal emission from a hot ISM has indeed
been found to dominate the soft X-ray emission in a sample of local star-forming
galaxies [139].
We emphasize that X-ray sources can not contribute significantly to reionization
at lower redshifts, as they would then have overproduced the unresolved X-ray back-
ground [46, 47, 48], nor could they have elevated the ionized fraction to >∼20% at
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early times. However, a smooth partial “pre”ionization by sources whose spectrum
peaks near ∼ 1keV remains a plausible an interesting scenario.
In summary – the simplest possibility is that the first stars and black holes started
reionizing the universe by redshift z ≈ 15− 25; the process then was completed
predominantly by small galaxies, in the redshift range 6 <∼z <∼10.
4
. The relative
contribution of these two types of sources is yet to be understood, especially at the
earliest epochs; as is the net effect of the global radiation backgrounds that should
build up early on. These are fundamental outstanding questions. The relative abun-
dance of the two types of sources determined the global ionization topology, and
their feedback processes likely drove global time-evolution of reionization.
Finally, for completeness, it is useful to note that there are several other, more
exotic sources that may have contributed to reionization in principle. These include
decay products of various different dark matter particles [141, 142, 143, 144, 145],
high energy cosmic rays [118, 146, 147], or excess small-scale structure forma-
tion arising from primordial non-Gaussianities [148], a running of the spectral in-
dex [73], or a red spectral tilt [149, 15]. Many of these alternatives were proposed in
the wake of the anomalously high τe in the WMAP3 data, and, at the present time,
there is no longer a need for these additional contributions.
3 Can We Detect the First Stars Directly?
As mentioned in the Introduction, reionization is a probe of the earliest light sources.
The redshift and duration of reionization of reionization, inferred from quasar ab-
sorption spectra, 21cm signatures, and the CMB, will place a constraint on the host
halos and the ionizing efficiencies. The observed level of “patchiness” will constrain
the spectral hardness of the typical source, constrain the relative contribution of stars
and black holes, and shed light on the birth and death of the first galaxies.
One may, however, ask: is this the best we can do, or is there a hope to directly
detect the light from the first stars or black holes? It is simple to obtain a rough
estimate for the stellar mass of in a proto-galaxy, or the mass of a bright (near-
Eddington) black hole, which could be detected at the ∼ 1nJy detection threshold
in a deep exposure with the James Webb Space Telescope. At z = 10, this requires a
mass of about 105 M⊙, either in stars [90] or in a BH [100]. (The former is consistent
with a recent detailed estimate [150].) It is quite plausible (or even likely) that the
very first galaxies and quasars were below this threshold.
So what hopes do we have of directly seeing the light of these first sources? I
believe there are three possibilities.
First, observations can be about an order of magnitude more sensitive, using
a foreground cluster to gravitationally lens and magnify the z ∼ 10 background
sources. Indeed, there are two examples of detecting z = 8− 10 galaxies [151, 152]
4 Reionization must end by z∼ 6, as shown recently using the fraction of dark Lyα and Lyβ pixels
in a sample of 22 quasars [140]
14 Zolta´n Haiman
using this technique on 28 foreground clusters the CLASH survey [153]. The on-
going Hubble Frontier Fields, going an order of magnitude deeper using 4-6 clusters.
This technique gives a chance of discovering 104 M⊙ mini-galaxies or miniquasars
at z∼ 10.
Second, and most promising, would be to detect the individual supernovae (SNe)
from the first stellar populations. Even “normal” core collapse SNe are bright
enough to be visible well beyond z = 10, and the pair instability SNe expected
from massive PopIII stars with ∼ 130−250 M⊙ would be even brighter. It has been
shown that JWST could detect many hundreds of these SNe; the challenge will be
that repeated observations will be required on many JWST fields, separated by years,
to identify the slowly evolving light-curves of these ultra-distant SNe [154].
Third, even if we cannot directly detect individual stars, black holes, or SNe,
we can still directly detect their cumulative faint emission, through the technique
known as “intensity mapping”. In general this technique consists of “tomographic”
observations of the fluctuating intensity in the emission lines from faint, individ-
ually undetectable sources [155, 156]. In practice, at least two emission lines are
required, so that their spatial fluctuations (in sky position and in redshift space)
can be cross–correlated, eliminating contaminating signals from a foreground line.
The same technique can be applied, in principle, to the strong HeII 1640A˚ emis-
sion lines expected from the first generation PopIII stars, cross–correlated with CO
emission from the same galaxies, or with 21cm emission from the IGM [157]. This
would require a next-generation UV instrument (the example considered in [157] is
a space-borne 2m dish, with 100 individual detector pixels with spectral resolution
R=1000).
4 The Future
As the rest of this book will make clear, the future is bright, with JWST, ALMA,
and several new 21cm experiments coming on line, allowing us to peer farther back
in redshift. The main challenge will likely become to constrain parametric models,
since it is unlikely that we will have full, ab-initio calculations of the reionization
process incorporating all the relevant physics, on scales ranging from star-formation
inside minihalos, to the global radiative feedback processes operating on the Hubble
scale. With a combination of multiple observational probes, this will nevertheless
give us a chance to understand the cosmic history of structure formation from its
very beginning.
Acknowledgements I thank my students and collaborators, who taught me a lot about reion-
ization, the US federal agencies NASA and NSF for funding much of my research, and Andrei
Mesinger for the initiative to put together this volume, and his patience and dedication during the
production process.
Cosmic Reionization and the First Nonlinear Structures in the Universe 15
References
1. M. Schmidt. Large Redshifts of Five Quasi-Stellar Sources. ApJ, 141:1295, April 1965.
2. J. E. Gunn and B. A. Peterson. On the Density of Neutral Hydrogen in Intergalactic Space.
ApJ, 142:1633–1641, November 1965.
3. A. A. Penzias and R. W. Wilson. A Measurement of Excess Antenna Temperature at 4080
Mc/s. ApJ, 142:419–421, July 1965.
4. R. A. Sunyaev and I. B. Zeldovich. Microwave background radiation as a probe of the
contemporary structure and history of the universe. ARAA, 18:537–560, 1980.
5. C. J. Hogan, N. Kaiser, and M. J. Rees. Interpretation of anisotropy in the cosmic background
radiation. Royal Society of London Philosophical Transactions Series A, 307:97–109, Octo-
ber 1982.
6. L. Hernquist, N. Katz, D. H. Weinberg, and J. Miralda-Escude´. The Lyman-Alpha Forest in
the Cold Dark Matter Model. ApJ, 457:L51, February 1996.
7. F. Haardt and P. Madau. Radiative Transfer in a Clumpy Universe. II. The Ultraviolet Extra-
galactic Background. ApJ, 461:20, April 1996.
8. Z. Haiman and L. Knox. Reionization of the Intergalactic Medium and its Effect on the
CMB. In A. de Oliveira-Costa and M. Tegmark, editors, Microwave Foregrounds, volume
181 of Astronomical Society of the Pacific Conference Series, page 227, 1999.
9. W. Hu and S. Dodelson. Cosmic Microwave Background Anisotropies. ARAA, 40:171–216,
2002.
10. M. Zaldarriaga, L. Colombo, E. Komatsu, A. Lidz, M. Mortonson, S. P. Oh, E. Pierpaoli,
L. Verde, and O. Zahn. CMBPol Mission Concept Study: Reionization Science with the
Cosmic Microwave Background. CMBPol White Paper, e-print arXiv:0811.3918, November
2008.
11. W. Hu and M. White. The Damping Tail of Cosmic Microwave Background Anisotropies.
ApJ, 479:568–579, April 1997.
12. C. J. Hogan, N. Kaiser, and M. J. Rees. Interpretation of anisotropy in the cosmic background
radiation. Royal Society of London Philosophical Transactions Series A, 307:97–109, Octo-
ber 1982.
13. M. Zaldarriaga, D. N. Spergel, and U. Seljak. Microwave Background Constraints on Cos-
mological Parameters. ApJ, 488:1–13, October 1997.
14. M. Kaplinghat, M. Chu, Z. Haiman, G. P. Holder, L. Knox, and C. Skordis. Probing the
Reionization History of the Universe using the Cosmic Microwave Background Polarization.
ApJ, 583:24–32, January 2003.
15. M. J. Mortonson and W. Hu. Model-Independent Constraints on Reionization from Large-
Scale Cosmic Microwave Background Polarization. ApJ, 672:737–751, January 2008.
16. A. Gruzinov and W. Hu. Secondary Cosmic Microwave Background Anisotropies in a Uni-
verse Reionized in Patches. ApJ, 508:435–439, December 1998.
17. L. Knox, R. Scoccimarro, and S. Dodelson. Impact of Inhomogeneous Reionization on Cos-
mic Microwave Background Anisotropy. Physical Review Letters, 81:2004–2007, September
1998.
18. M. G. Santos, A. Cooray, Z. Haiman, L. Knox, and C.-P. Ma. Small-Scale Cosmic Mi-
crowave Background Temperature and Polarization Anisotropies Due to Patchy Reioniza-
tion. ApJ, 598:756–766, December 2003.
19. A. Mesinger, M. McQuinn, and D. N. Spergel. The kinetic Sunyaev-Zel’dovich signal from
inhomogeneous reionization: a parameter space study. MNRAS, 422:1403–1417, May 2012.
20. P. A. R. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J. Aumont, C. Baccigalupi, A. J. Ban-
day, R. B. Barreiro, J. G. Bartlett, et al. Planck 2015 results. XIII. Cosmological parameters.
A&A, submitted; e-print arXiv:1502.01589, February 2015.
21. Z. Haiman and G. L. Bryan. Was Star Formation Suppressed in High-Redshift Minihalos?
ApJ, 650:7–11, October 2006.
22. E. Visbal, Z. Haiman, and G. L. Bryan. Limits on Population III star formation in minihaloes
implied by Planck. MNRAS, 453:4456–4466, November 2015.
16 Zolta´n Haiman
23. G. B. Field. Absorption by Intergalactic Hydrogen. ApJ, 135:684–693, May 1962.
24. C. J. Hogan and M. J. Rees. Spectral appearance of non-uniform gas at high Z. MNRAS,
188:791–798, September 1979.
25. K. Subramanian and T. Padmanabhan. Neutral Hydrogen at High Redshifts as a Probe of
Structure Formation - Part One - Post-Cobe Analysis of CDM and HDM Models. MNRAS,
265:101, November 1993.
26. P. Madau, A. Meiksin, and M. J. Rees. 21 Centimeter Tomography of the Intergalactic
Medium at High Redshift. ApJ, 475:429–444, February 1997.
27. P. Tozzi, P. Madau, A. Meiksin, and M. J. Rees. Radio Signatures of H I at High Redshift:
Mapping the End of the “Dark Ages”. ApJ, 528:597–606, January 2000.
28. S. R. Furlanetto, S. P. Oh, and F. H. Briggs. Cosmology at low frequencies: The 21 cm
transition and the high-redshift Universe. Physics Reports, 433:181–301, October 2006.
29. J. Miralda-Escude´. Reionization of the Intergalactic Medium and the Damping Wing of the
Gunn-Peterson Trough. ApJ, 501:15–22, July 1998.
30. P. R. Shapiro and M. L. Giroux. Cosmological H II regions and the photoionization of the
intergalactic medium. ApJ, 321:L107–L112, October 1987.
31. R. Cen and Z. Haiman. Quasar Stro¨mgren Spheres Before Cosmological Reionization. ApJ,
542:L75–L78, October 2000.
32. Z. Haiman and A. Loeb. Determining the Redshift of Reionization from the Spectra of
High-Redshift Sources. ApJ, 519:479–485, July 1999.
33. J. Miralda-Escude´, M. Haehnelt, and M. J. Rees. Reionization of the Inhomogeneous Uni-
verse. ApJ, 530:1–16, February 2000.
34. A. Mesinger and Z. Haiman. Evidence of a Cosmological Stro¨mgren Surface and of Sig-
nificant Neutral Hydrogen Surrounding the Quasar SDSS J1030+0524. ApJ, 611:L69–L72,
August 2004.
35. R. H. Becker, X. Fan, R. L. White, M. A. Strauss, V. K. Narayanan, R. H. Lupton, J. E. Gunn,
J. Annis, N. A. Bahcall, J. Brinkmann, A. J. Connolly, I. Csabai, P. C. Czarapata, M. Doi,
T. M. Heckman, G. S. Hennessy, ˇZ. Ivezic´, G. R. Knapp, D. Q. Lamb, T. A. McKay, J. A.
Munn, T. Nash, R. Nichol, J. R. Pier, G. T. Richards, D. P. Schneider, C. Stoughton, A. S.
Szalay, A. R. Thakar, and D. G. York. Evidence for Reionization at z˜6: Detection of a
Gunn-Peterson Trough in a z=6.28 Quasar. AJ, 122:2850–2857, December 2001.
36. R. Barkana. Did the universe reionize at redshift six? New Ast., 7:85–100, March 2002.
37. R. B. Partridge and P. J. E. Peebles. Are Young Galaxies Visible? ApJ, 147:868, March 1967.
38. E. M. Hu, L. L. Cowie, and R. G. McMahon. The Density of Lyα Emitters at Very High
Redshift. ApJ, 502:L99–L103, August 1998.
39. Z. Haiman and M. Spaans. Models for Dusty Lyα Emitters at High Redshift. ApJ, 518:138–
144, June 1999.
40. M. Ouchi, K. Shimasaku, H. Furusawa, T. Saito, M. Yoshida, M. Akiyama, Y. Ono, T. Ya-
mada, K. Ota, N. Kashikawa, M. Iye, T. Kodama, S. Okamura, C. Simpson, and M. Yoshida.
Statistics of 207 Lyα Emitters at a Redshift Near 7: Constraints on Reionization and Galaxy
Formation Models. ApJ, 723:869–894, November 2010.
41. Z. Haiman. The Detectability of High-Redshift Lyα Emission Lines prior to the Reionization
of the Universe. ApJ, 576:L1–L4, September 2002.
42. M. R. Santos. Probing reionization with Lyman α emission lines. MNRAS, 349:1137–1152,
April 2004.
43. M. Dijkstra, A. Lidz, and J. S. B. Wyithe. The impact of The IGM on high-redshift Lyα
emission lines. MNRAS, 377:1175–1186, May 2007.
44. M. Dijkstra, J. S. B. Wyithe, and Z. Haiman. Luminosity functions of Lyα emitting galaxies
and cosmic reionization of hydrogen. MNRAS, 379:253–259, July 2007.
45. M. Kuhlen and C.-A. Faucher-Gigue`re. Concordance models of reionization: implications
for faint galaxies and escape fraction evolution. MNRAS, 423:862–876, June 2012.
46. M. Dijkstra, Z. Haiman, and A. Loeb. A Limit from the X-Ray Background on the Contri-
bution of Quasars to Reionization. ApJ, 613:646–654, October 2004.
47. R. Salvaterra, F. Haardt, and A. Ferrara. Cosmic backgrounds from miniquasars. MNRAS,
362:L50–L54, September 2005.
Cosmic Reionization and the First Nonlinear Structures in the Universe 17
48. M. McQuinn. Constraints on X-ray emissions from the reionization era. MNRAS, 426:1349–
1360, October 2012.
49. T. Tanaka and Z. Haiman. The Assembly of Supermassive Black Holes at High Redshifts.
ApJ, 696:1798–1822, May 2009.
50. R. Salvaterra, F. Haardt, M. Volonteri, and A. Moretti. Limits on the high redshift growth of
massive black holes. A&A, 545:L6, September 2012.
51. W. C. Saslaw and D. Zipoy. Molecular Hydrogen in Pre-galactic Gas Clouds. Nature,
216:976–978, December 1967.
52. E. Visbal, Z. Haiman, and G. L. Bryan. A no-go theorem for direct collapse black holes
without a strong ultraviolet background. MNRAS, 442:L100–L104, July 2014.
53. S. Lepp and J. M. Shull. Molecules in the early universe. ApJ, 280:465–469, May 1984.
54. T. Hirasawa. Formation of Protogalaxies and Molecular Processes in Hydrogen Gas.
Progress of Theoretical Physics, 42:523–543, September 1969.
55. T. Matsuda, H. Sato¯, and H. Takeda. Cooling of Pre-Galactic Gas Clouds by Hydrogen
Molecule. Progress of Theoretical Physics, 42:219–233, August 1969.
56. E. Alizadeh and C. M. Hirata. Molecular hydrogen in the cosmic recombination epoch. PRD,
84(8):083011, October 2011.
57. J. B. Hutchins. The thermal effects of H2 molecules in rotating and collapsing spheroidal
gas clouds. ApJ, 205:103–121, April 1976.
58. J. Silk. The first stars. MNRAS, 205:705–718, November 1983.
59. F. Palla, E. E. Salpeter, and S. W. Stahler. Primordial star formation - The role of molecular
hydrogen. ApJ, 271:632–641, August 1983.
60. P. J. E. Peebles and R. H. Dicke. Origin of the Globular Star Clusters. ApJ, 154:891–+,
December 1968.
61. P. J. E. Peebles. The Black-Body Radiation Content of the Universe and the Formation of
Galaxies. ApJ, 142:1317, November 1965.
62. M. J. Rees and J. P. Ostriker. Cooling, dynamics and fragmentation of massive gas clouds -
Clues to the masses and radii of galaxies and clusters. MNRAS, 179:541–559, June 1977.
63. S. D. M. White and M. J. Rees. Core condensation in heavy halos - A two-stage theory for
galaxy formation and clustering. MNRAS, 183:341–358, May 1978.
64. A. Dekel and J. Silk. The origin of dwarf galaxies, cold dark matter, and biased galaxy
formation. ApJ, 303:39–55, April 1986.
65. J. Silk. On the fragmentation of cosmic gas clouds. I - The formation of galaxies and the first
generation of stars. ApJ, 211:638–648, February 1977.
66. A. Kashlinsky and M. J. Rees. Formation of population III stars and pregalactic evolution.
MNRAS, 205:955–971, December 1983.
67. Z. Haiman, A. A. Thoul, and A. Loeb. Cosmological Formation of Low-Mass Objects. ApJ,
464:523, June 1996.
68. M. Tegmark, J. Silk, M. J. Rees, A. Blanchard, T. Abel, and F. Palla. How Small Were the
First Cosmological Objects? ApJ, 474:1, January 1997.
69. G. Hinshaw, D. Larson, E. Komatsu, D. N. Spergel, C. L. Bennett, J. Dunkley, M. R. Nolta,
M. Halpern, R. S. Hill, N. Odegard, L. Page, K. M. Smith, J. L. Weiland, B. Gold, N. Jarosik,
A. Kogut, M. Limon, S. S. Meyer, G. S. Tucker, E. Wollack, and E. L. Wright. Nine-year
Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Parameter
Results. ApJS, 208:19, October 2013.
70. S. Naoz, S. Noter, and R. Barkana. The first stars in the Universe. MNRAS, 373:L98–L102,
November 2006.
71. N. Yoshida, A. Sokasian, L. Hernquist, and V. Springel. Early Structure Formation and
Reionization in a Warm Dark Matter Cosmology. ApJ, 591:L1–L4, July 2003.
72. V. Springel, S. D. M. White, A. Jenkins, C. S. Frenk, N. Yoshida, L. Gao, J. Navarro,
R. Thacker, D. Croton, J. Helly, J. A. Peacock, S. Cole, P. Thomas, H. Couchman, A. Evrard,
J. Colberg, and F. Pearce. Simulations of the formation, evolution and clustering of galaxies
and quasars. Nature, 435:629–636, June 2005.
18 Zolta´n Haiman
73. N. Yoshida, A. Sokasian, L. Hernquist, and V. Springel. Early Structure Formation and
Reionization in a Cosmological Model with a Running Primordial Power Spectrum. ApJ,
598:73–85, November 2003.
74. R. Barkana, Z. Haiman, and J. P. Ostriker. Constraints on Warm Dark Matter from Cosmo-
logical Reionization. ApJ, 558:482–496, September 2001.
75. F. Pacucci, A. Mesinger, and Z. Haiman. Focusing on warm dark matter with lensed high-
redshift galaxies. MNRAS, 435:L53–L57, August 2013.
76. R. S. de Souza, A. Mesinger, A. Ferrara, Z. Haiman, R. Perna, and N. Yoshida. Constraints
on warm dark matter models from high-redshift long gamma-ray bursts. MNRAS, 432:3218–
3227, July 2013.
77. T. Abel, G. L. Bryan, and M. L. Norman. The Formation and Fragmentation of Primordial
Molecular Clouds. ApJ, 540:39–44, September 2000.
78. V. Bromm, P. S. Coppi, and R. B. Larson. The Formation of the First Stars. I. The Primordial
Star-forming Cloud. ApJ, 564:23–51, January 2002.
79. N. Yoshida, T. Abel, L. Hernquist, and N. Sugiyama. Simulations of Early Structure Forma-
tion: Primordial Gas Clouds. ApJ, 592:645–663, August 2003.
80. F. H. Shu. Self-similar collapse of isothermal spheres and star formation. ApJ, 214:488–497,
June 1977.
81. B. W. O’Shea and M. L. Norman. Population III Star Formation in a ΛCDM Universe. I.
The Effect of Formation Redshift and Environment on Protostellar Accretion Rate. ApJ,
654:66–92, January 2007.
82. J. H. Wise, M. J. Turk, and T. Abel. Resolving the Formation of Protogalaxies. II. Central
Gravitational Collapse. ApJ, 682:745–757, August 2008.
83. C. Shang, G. L. Bryan, and Z. Haiman. Supermassive black hole formation by direct collapse:
keeping protogalactic gas H2 free in dark matter haloes with virial temperatures Tvir >∼ 10
4
K. MNRAS, 402:1249–1262, February 2010.
84. M. J. Turk, T. Abel, and B. O’Shea. The Formation of Population III Binaries from Cosmo-
logical Initial Conditions. Science, 325:601–, July 2009.
85. A. Stacy, T. H. Greif, and V. Bromm. The first stars: formation of binaries and small multiple
systems. MNRAS, 403:45–60, March 2010.
86. T. H. Greif, V. Springel, S. D. M. White, S. C. O. Glover, P. C. Clark, R. J. Smith, R. S.
Klessen, and V. Bromm. Simulations on a Moving Mesh: The Clustered Formation of Pop-
ulation III Protostars. ApJ, 737:75, August 2011.
87. P. C. Clark, S. C. O. Glover, R. S. Klessen, and V. Bromm. Gravitational Fragmentation in
Turbulent Primordial Gas and the Initial Mass Function of Population III Stars. ApJ, 727:110,
February 2011.
88. J. Prieto, P. Padoan, R. Jimenez, and L. Infante. Population III Stars from Turbulent Frag-
mentation at Redshift ˜11. ApJ, 731:L38, April 2011.
89. M. J. Turk, J. S. Oishi, T. Abel, and G. L. Bryan. Magnetic Fields in Population III Star
Formation. ApJ, 745:154, February 2012.
90. Z. Haiman and A. Loeb. Signatures of Stellar Reionization of the Universe. ApJ, 483:21–37,
July 1997.
91. J. Tumlinson and J. M. Shull. Zero-Metallicity Stars and the Effects of the First Stars on
Reionization. ApJ, 528:L65–L68, January 2000.
92. V. Bromm, R. P. Kudritzki, and A. Loeb. Generic Spectrum and Ionization Efficiency of a
Heavy Initial Mass Function for the First Stars. ApJ, 552:464–472, May 2001.
93. D. Schaerer. On the properties of massive Population III stars and metal-free stellar popula-
tions. A&A, 382:28–42, January 2002.
94. P. Madau, M. J. Rees, M. Volonteri, F. Haardt, and S. P. Oh. Early Reionization by Mini-
quasars. ApJ, 604:484–494, April 2004.
95. M. Ricotti and J. P. Ostriker. X-ray pre-ionization powered by accretion on the first black
holes - I. A model for the WMAP polarization measurement. MNRAS, 352:547–562, August
2004.
96. A. Mesinger, A. Ferrara, and D. S. Spiegel. Signatures of X-rays in the early Universe.
MNRAS, 431:621–637, May 2013.
Cosmic Reionization and the First Nonlinear Structures in the Universe 19
97. M. Jeon, A. H. Pawlik, V. Bromm, and M. Milosavljevic´. Radiative feedback from high-
mass X-ray binaries on the formation of the first galaxies and early reionization. MNRAS,
440:3778–3796, June 2014.
98. T. Tanaka, R. Perna, and Z. Haiman. X-ray emission from high-redshift miniquasars:
self-regulating the population of massive black holes through global warming. MNRAS,
425:2974–2987, October 2012.
99. P. R. Shapiro, M. L. Giroux, and A. Babul. Reionization in a cold dark matter universe: The
feedback of galaxy formation on the intergalactic medium. ApJ, 427:25–50, May 1994.
100. Z. Haiman and A. Loeb. Observational Signatures of the First Quasars. ApJ, 503:505–517,
August 1998.
101. Z. Haiman, M. J. Rees, and A. Loeb. Destruction of Molecular Hydrogen during Cosmolog-
ical Reionization. ApJ, 476:458–+, February 1997.
102. K. Omukai and R. Nishi. Photodissociative Regulation of Star Formation in Metal-free Pre-
galactic Clouds. ApJ, 518:64–68, June 1999.
103. Z. Haiman, T. Abel, and M. J. Rees. The Radiative Feedback of the First Cosmological
Objects. ApJ, 534:11–24, May 2000.
104. B. Ciardi, A. Ferrara, and T. Abel. Intergalactic H2 Photodissociation and the Soft Ultraviolet
Background Produced by Population III Objects. ApJ, 533:594–600, April 2000.
105. M. E. Machacek, G. L. Bryan, and T. Abel. Simulations of Pregalactic Structure Formation
with Radiative Feedback. ApJ, 548:509–521, February 2001.
106. M. Ricotti, N. Y. Gnedin, and J. M. Shull. Feedback from Galaxy Formation: Production and
Photodissociation of Primordial H2. ApJ, 560:580–591, October 2001.
107. M. Ricotti, N. Y. Gnedin, and J. M. Shull. The Fate of the First Galaxies. I. Self-consistent
Cosmological Simulations with Radiative Transfer. ApJ, 575:33–48, August 2002.
108. A. Mesinger, G. L. Bryan, and Z. Haiman. Ultraviolet Radiative Feedback on High-Redshift
Protogalaxies. ApJ, 648:835–851, September 2006.
109. J. H. Wise and T. Abel. Suppression of H2 Cooling in the Ultraviolet Background. ApJ,
671:1559–1567, December 2007.
110. B. W. O’Shea and M. L. Norman. Population III Star Formation in a ΛCDM Universe. II.
Effects of a Photodissociating Background. ApJ, 673:14–33, January 2008.
111. J. L. Johnson, T. H. Greif, and V. Bromm. Occurrence of metal-free galaxies in the early
Universe. MNRAS, 388:26–38, July 2008.
112. J. H. Wise and T. Abel. How Very Massive Metal-Free Stars Start Cosmological Reioniza-
tion. ApJ, 684:1–17, September 2008.
113. J. H. Wise and T. Abel. Resolving the Formation of Protogalaxies. III. Feedback from the
First Stars. ApJ, 685:40–56, September 2008.
114. D. Whalen, B. W. O’Shea, J. Smidt, and M. L. Norman. How the First Stars Regulated Local
Star Formation. I. Radiative Feedback. ApJ, 679:925–941, June 2008.
115. A. Mesinger, G. L. Bryan, and Z. Haiman. Relic HII regions and radiative feedback at high
redshifts. MNRAS, 399:1650–1662, November 2009.
116. A. Heger, C. L. Fryer, S. E. Woosley, N. Langer, and D. H. Hartmann. How Massive Single
Stars End Their Life. ApJ, 591:288–300, July 2003.
117. Z. Haiman, M. J. Rees, and A. Loeb. H 2 Cooling of Primordial Gas Triggered by UV
Irradiation. ApJ, 467:522–+, August 1996.
118. S. P. Oh. Reionization by Hard Photons. I. X-Rays from the First Star Clusters. ApJ,
553:499–512, June 2001.
119. A. Venkatesan, M. L. Giroux, and J. M. Shull. Heating and Ionization of the Intergalactic
Medium by an Early X-Ray Background. ApJ, 563:1–8, December 2001.
120. S. C. O. Glover and P. W. J. L. Brand. Radiative feedback from an early X-ray background.
MNRAS, 340:210–226, March 2003.
121. X. Chen and J. Miralda-Escude´. The Spin-Kinetic Temperature Coupling and the Heating
Rate due to Lyα Scattering before Reionization: Predictions for 21 Centimeter Emission and
Absorption. ApJ, 602:1–11, February 2004.
20 Zolta´n Haiman
122. M. Ricotti, J. P. Ostriker, and N. Y. Gnedin. X-ray pre-ionization powered by accretion on
the first black holes - II. Cosmological simulations and observational signatures. MNRAS,
357:207–219, February 2005.
123. I. F. Mirabel, M. Dijkstra, P. Laurent, A. Loeb, and J. R. Pritchard. Stellar black holes at the
dawn of the universe. A&A, 528:A149, April 2011.
124. J. Wolcott-Green and Z. Haiman. Feedback from the infrared background in the early Uni-
verse. MNRAS, 425:L51–L55, September 2012.
125. M. Dijkstra, Z. Haiman, A. Mesinger, and J. S. B. Wyithe. Fluctuations in the high-redshift
Lyman-Werner background: close halo pairs as the origin of supermassive black holes. MN-
RAS, 391:1961–1972, December 2008.
126. K. Ahn, P. R. Shapiro, I. T. Iliev, G. Mellema, and U.-L. Pen. The Inhomogeneous Back-
ground Of H2-Dissociating Radiation During Cosmic Reionization. ApJ, 695:1430–1445,
April 2009.
127. Z. Haiman and G. P. Holder. The Reionization History at High Redshifts. I. Physical Models
and New Constraints from Cosmic Microwave Background Polarization. ApJ, 595:1–12,
September 2003.
128. J. S. B. Wyithe and A. Loeb. Reionization of Hydrogen and Helium by Early Stars and
Quasars. ApJ, 586:693–708, April 2003.
129. R. Cen. The Implications of Wilkinson Microwave Anisotropy Probe Observations for Pop-
ulation III Star Formation Processes. ApJ, 591:L5–L8, July 2003.
130. I. T. Iliev, G. Mellema, P. R. Shapiro, and U.-L. Pen. Self-regulated reionization. MNRAS,
376:534–548, April 2007.
131. J. L. Johnson, T. H. Greif, and V. Bromm. Local Radiative Feedback in the Formation of the
First Protogalaxies. ApJ, 665:85–95, August 2007.
132. S. R. Furlanetto, M. Zaldarriaga, and L. Hernquist. The Growth of H II Regions During
Reionization. ApJ, 613:1–15, September 2004.
133. R. H. Kramer, Z. Haiman, and S. P. Oh. Feedback from Clustered Sources during Reioniza-
tion. ApJ, 649:570–578, October 2006.
134. A. Mesinger and S. Furlanetto. Efficient Simulations of Early Structure Formation and
Reionization. ApJ, 669:663–675, November 2007.
135. O. Zahn, A. Mesinger, M. McQuinn, H. Trac, R. Cen, and L. E. Hernquist. Comparison of
reionization models: radiative transfer simulations and approximate, seminumeric models.
MNRAS, 414:727–738, June 2011.
136. R. H. Kramer and Z. Haiman. The thickness of high-redshift quasar ionization fronts as a
constraint on the ionizing spectral energy distribution. MNRAS, 385:1561–1575, April 2008.
137. R. M. Thomas and S. Zaroubi. Time-evolution of ionization and heating around first stars
and miniqsos. MNRAS, 384:1080–1096, March 2008.
138. S. R. Furlanetto, S. P. Oh, and F. H. Briggs. Cosmology at low frequencies: The 21 cm
transition and the high-redshift Universe. Physics Reports, 433:181–301, October 2006.
139. S. Mineo, M. Gilfanov, and R. Sunyaev. X-ray emission from star-forming galaxies - II. Hot
interstellarmedium. MNRAS, 426:1870–1883, November 2012.
140. I. D. McGreer, A. Mesinger, and V. D’Odorico. Model-independent evidence in favour of an
end to reionization by z >∼ 6. MNRAS, 447:499–505, February 2015.
141. X. Chen and M. Kamionkowski. Particle decays during the cosmic dark ages. PRD,
70(4):043502, August 2004.
142. S. H. Hansen and Z. Haiman. Do We Need Stars to Reionize the Universe at High Redshifts?
Early Reionization by Decaying Heavy Sterile Neutrinos. ApJ, 600:26–31, January 2004.
143. S. Kasuya, M. Kawasaki, and N. Sugiyama. Partially ionizing the universe by decaying
particles. PRD, 69(2):023512, January 2004.
144. P. L. Biermann and A. Kusenko. Relic keV Sterile Neutrinos and Reionization. Physical
Review Letters, 96(9):091301, March 2006.
145. E. Ripamonti, M. Mapelli, and A. Ferrara. The impact of dark matter decays and annihila-
tions on the formation of the first structures. MNRAS, 375:1399–1408, March 2007.
146. Y. A. Shchekinov and E. O. Vasiliev. Primordial star formation triggered by UV photons
from UHECR. A&A, 419:19–23, May 2004.
Cosmic Reionization and the First Nonlinear Structures in the Universe 21
147. A. Stacy and V. Bromm. Impact of cosmic rays on Population III star formation. MNRAS,
382:229–238, November 2007.
148. X. Chen, A. Cooray, N. Yoshida, and N. Sugiyama. Can non-Gaussian cosmological models
explain the WMAP high optical depth for reionization? MNRAS, 346:L31–L35, December
2003.
149. M. A. Alvarez, P. R. Shapiro, K. Ahn, and I. T. Iliev. Implications of WMAP 3 Year Data
for the Sources of Reionization. ApJ, 644:L101–L104, June 2006.
150. E. Zackrisson, C.-E. Rydberg, D. Schaerer, G. ¨Ostlin, and M. Tuli. The Spectral Evolution
of the First Galaxies. I. James Webb Space Telescope Detection Limits and Color Criteria
for Population III Galaxies. ApJ, 740:13, October 2011.
151. W. Zheng, M. Postman, A. Zitrin, J. Moustakas, X. Shu, S. Jouvel, O. Høst, A. Molino,
L. Bradley, D. Coe, L. A. Moustakas, M. Carrasco, H. Ford, N. Benı´tez, T. R. Lauer,
S. Seitz, R. Bouwens, A. Koekemoer, E. Medezinski, M. Bartelmann, T. Broadhurst, M. Don-
ahue, C. Grillo, L. Infante, S. W. Jha, D. D. Kelson, O. Lahav, D. Lemze, P. Melchior,
M. Meneghetti, J. Merten, M. Nonino, S. Ogaz, P. Rosati, K. Umetsu, and A. van der Wel. A
magnified young galaxy from about 500 million years after the Big Bang. Nature, 489:406–
408, September 2012.
152. D. Coe, A. Zitrin, M. Carrasco, X. Shu, W. Zheng, M. Postman, L. Bradley, A. Koekemoer,
R. Bouwens, T. Broadhurst, A. Monna, O. Host, L. A. Moustakas, H. Ford, J. Moustakas,
A. van der Wel, M. Donahue, S. A. Rodney, N. Benı´tez, S. Jouvel, S. Seitz, D. D. Kelson,
and P. Rosati. CLASH: Three Strongly Lensed Images of a Candidate z ≈ 11 Galaxy. ApJ,
762:32, January 2013.
153. M. Postman, D. Coe, N. Benı´tez, L. Bradley, T. Broadhurst, M. Donahue, H. Ford, O. Graur,
G. Graves, S. Jouvel, A. Koekemoer, D. Lemze, E. Medezinski, A. Molino, L. Moustakas,
S. Ogaz, A. Riess, S. Rodney, P. Rosati, K. Umetsu, W. Zheng, A. Zitrin, M. Bartelmann,
R. Bouwens, N. Czakon, S. Golwala, O. Host, L. Infante, S. Jha, Y. Jimenez-Teja, D. Kelson,
O. Lahav, R. Lazkoz, D. Maoz, C. McCully, P. Melchior, M. Meneghetti, J. Merten, J. Mous-
takas, M. Nonino, B. Patel, E. Rego¨s, J. Sayers, S. Seitz, and A. Van der Wel. The Cluster
Lensing and Supernova Survey with Hubble: An Overview. ApJS, 199:25, April 2012.
154. A. Mesinger, B. D. Johnson, and Z. Haiman. The Redshift Distribution of Distant Supernovae
and Its Use in Probing Reionization. ApJ, 637:80–90, January 2006.
155. M. Righi, C. Herna´ndez-Monteagudo, and R. A. Sunyaev. Carbon monoxide line emission
as a CMB foreground: tomography of the star-forming universe with different spectral reso-
lutions. A&A, 489:489–504, October 2008.
156. E. Visbal and A. Loeb. Measuring the 3D clustering of undetected galaxies through cross
correlation of their cumulative flux fluctuations from multiple spectral lines. JCAP, 11:16,
November 2010.
157. E. Visbal, Z. Haiman, and G. L. Bryan. Looking for Population III stars with He II line
intensity mapping. MNRAS, 450:2506–2513, July 2015.
